Background The heterogeneity of liver cancer, in particular hepatocellular carcinoma (HCC
Introduction
In spite of the progress that has been made in cancer treatment in recent years, many tumors remain refractory or relapse following an initial remission. Accumulating evidence suggests that cancer stem cells (CSCs) may be responsible, not only for tumor initiation and progression, but also for drug resistance and relapse. CSCs possess stem cell properties, such as the ability of self renewal, and have been identified in several types of cancer including liver cancer. Current conventional chemotherapy regimens suffer from two significant problems: non-selective cytotoxicity (acting on both diseased and healthy cells) and non-anti-renewal capacity. Whereas most conventional chemotherapeutic drugs are able to eradicate the bulk of the tumor cells, they seem to be ineffective against CSCs and, thereby, ineffective in eradicating the 'root of the problem' [1] [2] [3] . Hence, the development of novel compounds targeting CSCs in heterogeneous tumor masses is becoming increasingly important for the ultimate treatment of cancer.
Liver cancer, particularly hepatocellular carcinoma (HCC), is the fifth most common cancer worldwide [4] and it ranks third in morbidity and mortality. Despite the approval and extensive clinical application of sorafenib in the treatment of HCC, the prognosis for patients with advanced HCC has remained poor and the benefits of sorafenib in this group have remained modest. In addition, a relatively high toxicity and various side effects significantly limit its use [5] [6] [7] . Thus, improving the overall survival of patients with advanced HCC requires the development of a more effective systemic therapy.
Liver cancer in general, and HCC in particular, is a very heterogeneous disease with a variety of molecular mechanisms underlying both its initiation and progression. This notion highlights the need to identify multiple 'targets' for both HCC prevention and treatment [8] . To overcome the complexity of molecular (genomic and epigenomic) aberrations in HCC, combination therapies aimed at resolving the underlying conditions, such cirrhosis of the liver, will be critical. Multifaceted drugs, non-toxic for residual normal hepatocytes, are required to overcome this molecular complexity, including the resistance of putative cancer stem/progenitor cells to chemotherapy. In the present study, we designed and synthesized two novel fatty acid derivatives of isopropylamino propanol (jointly named AIPs), and evaluated their antitumor effects on human and murine liver tumor cell lines in vitro and in vivo. Our results indicate that the addition of AIPs may provide a new avenue towards the treatment, and particularly the prevention, of HCC.
Materials and methods

Synthesis and purification of AIPs
Synthesis of 3-alkyloxy(3-alkenyloxy)-1,2-epoxypropanes ( Fig. 1; 2a, b) .
1a, b (10 mmol) in 20 mL of dry THF was added under N 2 to a stirred suspension of NaH (10 mmol) at 5-10°C and the mixture was stirred at 22°C (room temperature, rt) for 1 h. Next, epichlorohydrin (20 mmol) was added and the mixture was heated at reflux for 2.5-4 h. After evaporation and extraction with EtOAc (3×35 mL) the product was purified by chromatography to give 2a, b with 64 % and 47 % yields, respectively (Fig. 1) . Synthesis of 1-alkyloxy(1-alkenyloxy)-3-isopropylaminopropan-2-oles (3a, b).
Oxirane (2a, b) (4 mmol) and isopropylamine (32 mmol) in 2-propanol (40 mL) was stirred at 50-55°C for 7-8 h. After solvent evaporation the residue was purified by re-crystallization or chromatography to obtain pure hexadecyl-AIP-1 (3a, mp 55-57°C) and octadecenyl-AIP-2 (3b, colorless oil) in 83 % and 86 % yields, respectively. The chemical structure of the AIPbases was confirmed by NMR and mass spectrometry (Fig. 1b) . Preparation of 1-alkyloxy(1-alkenyloxy)-3-isopropylaminopropan-2-olhydrochlorides (4a, b).
1-Alkyloxy(1-alkenyloxy)-AIP (3a, b) (2 mmol) was dissolved in ether (35 mL) and HCl (4 mmol, 2 M in ether) was added drop-wise at 5-10°C with stirring. The solid phase was filtered after 0.5 h at room temperature and washed with ether for (4a), or the solvent was evaporated for (4b) to yield pure C16-AIP-1-HCl (4a) (91 %, white micro-crystals, mp 75-77°C) or C18-AIP-2-HCl (4b) (97 %, yellowish oil).
Cell culture and reagents
The human hepatocellular carcinoma (HCC) cell line Huh7 was obtained from Dr. Chen Liu, Department of Pathology, Immunology and Laboratory Medicine, University of Florida. The murine liver hepatoma cell line BNL 1MEA.7R.1 was obtained from the American Type Culture Collection (referred as 1MEA in this study) (ATCC, Manassas, VA). In strict accordance with the supplier's instructions and established procedures, all cell lines were maintained in Dulbecco's minimal essential medium (DMEM) supplemented with 10 % heat-inactivated fetal bovine serum (FBS) (GIBCO) and 100 U/ml penicillin, 100 μg/ml streptomycin (Cellgro), Lglutamine (2 mM) in a humidified atmosphere of 5 % CO 2 at 37°C. Normal primary human hepatocytes were obtained from ADMET Technologies and cultured in DMEM/F12 (1:1) medium containing 10 % FBS, supplemented with insulin-transferrin-selenium (Invitrogen, Inc.) and dexamethasone (40 ng/ml). The normal human hepatocytes used were at least 90 % viable before treatment. Anti-caspase 3, anticaspase 7, anti-caspase 9, anti-PARP, anti-phospho-AKT, anti-AKT, and anti-survivin antibodies were obtained from Cell Signaling Technology (Beverly, MA). Anti-LC3 was purchased from Novus Biologicals, anti-beta-spectrin from BD Biosciences, and goat anti-rabbit or anti-mouse alkaline phosphatase (AP)-conjugated secondary antibodies were purchased from EMD Biosciences.
Cell viability assay
Cell viability was determined using the CellTiter 96® AQ ueous non-radioactive cell proliferation assay kit (Promega, Madison WI, USA) according to the manufacturer's instructions. Briefly, the Huh7 and 1MEA cell lines were seeded in 96-well plates (Costar) at 1×10 4 cells per well and cultured in DMEM with 10 % FBS. Twelve hours later, cells were treated with different doses of AIP-1, AIP-2 or DMSO as a control (less than 0.1 %, v/v) for another 24 h. At the end of the incubation period, 20 μl of the combined MTS/PMS solution was added to each well. Following 4 h of incubation at 37°C and 5 % CO2, MTS will be reduced by the living cells into a formazan product whose quantity is directly proportional to the number of cells in culture. The amount of formazan product was measured at 490 nm absorbance. The results are presented as means ± SD from three independent experiments. Inhibition graphs were plotted using mean values obtained from each concentration relative to control values.
Carcinosphere formation assay
Huh7 cells were grown as indicated above until subconfluency, then gently trypsinized, collected and washed with PBS. Next, the cells were re-suspended in a small volume of serum-free DMEM/F12 medium, triturated and verified visually to contain only single cells, and counted in a hemocytometer. The cells were seeded in 6-well plates (5× 10 4 cells/well) in serum-free DMEM/F12, 1:1 supplemented with 0.8 % methylcellulose (MC), followed by the addition of AIPs at different concentrations (1-25 μM). The formation of spheroids was observed under an inverted-phase microscope~96 h after plating. The size and the number of carcinospheriods per well were counted after 14 days using a phase contrast microscope equipped with morphometric analysis software at ×20 magnification. Data are shown as means ± SD of values from triplicate experiments.
Kinase activity assays
AKTs, CAMK-1, SPHK2 and several other kinases were measured in 96-well ELISA plates according to the Adapta and Z-Lite assay protocols (Invitrogen). Briefly, for AKT the final 10 μL Kinase Reaction mixture consisted of 1-40 ng AKT-1, -2 or -3 and 2 μM Ser/Thr 06 in 50 mM HEPES pH 7.5, 0.01 % BRIJ-35, 10 mM MgCl2, 1 mM EGTA. AIPs were added prior to the addition of substrates. After a 1 h Kinase Reaction incubation, 5 μL of a 1:2048 dilution of Development Reagent A was added, and fluorescence was measured according to manufacturer's protocol (Invitrogen). For CAMK-1, the final 10 μL Kinase Reaction mixture consisted of 3.75-25 ng CAMK-1 and 200 μM ZIPtide in 32.5 mM HEPES pH 7.5, 0.005 % BRIJ-35, 5 mM MgCl2, 2 mM CaCl2, 20 μg/ml Calmodulin, 100 μM ATP and 0.01 % NaN3. In the SPHK2 assay, the Kinase Reaction mixture 
Western blot analysis
Cells were harvested and washed twice with 1× PBS and prepared for sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Briefly, cell pellets were resuspended in RIPA buffer (Thermo Scientific) supplemented with 1 % EDTA (0.5 M), phosphatase inhibitor cocktail 1 and 2 (Sigma) and Protease Arrest ™ (G Biosciences) and incubated on ice for 30 min. After centrifugation at 12,000×g at 4°C for 15 min, the supernatant was transferred to a new tube and the protein concentration was determined using a BCA™ Protein Assay Kit (Thermo Scientific). Twenty micrograms (20 μg) of protein per lane were subjected to SDS-PAGE on Tris/glycine gels (Millipore, Billerica, MA, USA) at 120 V for 2 h. Next, the separated proteins were laterally transferred to polyvinylidene fluoride (PVDF) membranes in a transfer buffer at a constant voltage of 20 V for 2 h at ambient temperature in a semi-dry transfer unit (Bio-Rad, Hercules, CA, USA). After electro-transfer, the membranes were blocked for 1 h at ambient temperature in 5 % non-fat milk in TBS and 0.05 % Tween-2 (TBST), and then incubated with primary antibodies in TBST with 5 % non-fat milk at 1:1000 dilution at 4°C overnight. This incubation was followed by three washes with TBST and a 1 hour incubation at ambient temperature with a secondary antibody-conjugated alkaline phosphatase. Immunoreactive bands were detected using a BCIP/NBT reagent (KPL, Rockville, MD, USA). The molecular sizes of the proteins detected were determined using prestained Full-Rrange Rainbow Molecular Weight Markers (GE Health, NJ).
Tumor allograft and AIPs treatment
BALB/c mice (6-8 weeks of age) were obtained from the Jackson Laboratory. The mice were kept under pathogen-free conditions, and food and water were supplied ad libitum. Housing and all procedures involving animals were performed according to protocols approved by the animal care and use committee, in accordance with the requirements of the Institutional Guideline for Animal Experiments. The right flanks of the mice were injected subcutaneously (s.c.) with 5×10
6
1MEA cells in 100 μl of phosphate-buffered saline (PBS). After one week, the injected mice were randomly divided into five groups (5 mice/group) and orally fed with AIP-1, AIP-2, AIP-1 + AIP-2 (25 mg/kg), or Sorafenib (30 mg/kg), or 100 μl PBS (control group), respectively, once daily for 5 days weekly, by gavage for 4 weeks. At the end of the experiments, the mice were sacrificed and the tumors were recovered and weighed as described previously [9] . The tumor sizes were indicated as weight (mg).
Statistical analysis
The statistical significance between values was determined by Student's t-test. All data were expressed as the mean ± SD. Probability values of P≤0.05 were considered significant.
Results
AIP-1 and AIP-2 inhibit growth of Huh7 and 1MEA cells, but not of normal human hepatocytes
The AIP compounds were synthesized as described under 'Section 2', and its schematic chemical structures, synthesis procedures and mass spectra are depicted in Fig. 1 . We first determined the inhibitory effects of the AIP compounds at different concentrations on the proliferation and viability of human hepatocellular carcinoma cells (Huh7), murine hepatoma cells (1MEA) and normal human hepatocytes using the MTS assay as outlined under 'Section 2'. By doing so, we found that AIP-1 and AIP-2 have the capability to inhibit proliferation of both Huh7 ( Fig. 2a and d) and 1MEA ( Fig. 2b ) cancer cells in a dose-dependent manner, but not of normal human hepatocytes ( Fig. 2c and e) . As compared to controls, we found that AIP-1 did (at a dose of 20 μM) significantly inhibit Huh7 cell growth (Fig. 2d ), but at a similar dose did not cause toxicity in normal human primary hepatocytes (Fig. 2e) . Taken together, these results suggest that the AIP compounds are selectively toxic to liver cancer cells.
AIPs suppress Huh7 carcinopheroid formation
HCC progression has been thought to be driven by CSCs through their capacity of self-renewal, production of heterogeneous progeny, resistance to chemotherapy, and ability of unlimited division [10] . A successful eradication of cancer requires anticancer therapy that affects both the bulk of cancer cells and the putative, relatively small, CSC population [11, 12] and that, at the same time, avoids toxic side effects for other normal cell types. To this end, we examined the inhibitory action of AIP-1 against carcinospheriod formation (see 'Section 2') of Huh7 cells in serum-free and anchorage-free methylcellulose medium. By doing so, we found that, compared to the untreated control, AIP-1 significantly inhibited Huh7 carcinoshphere formation (Fig. 3) , thereby suggesting that AIP-1 can remove the 'seed' cells (CSC) present in the Huh7 cell population.
3.3 AIP-1 and AIP-2 inhibit multiple kinase activities in cell-free and intact cell systems Deregulation of protein kinases and its concomitant signaling pathways is commonly observed in cancer cells, thereby turning these kinases into attractive targets for the design of anticancer drugs [13] . Accordingly, we tested whether the novel AIP compounds synthesized here possess inhibitory activities towards the protein kinases AKT-2, CAMK-1 and SPHK2 in a cell-free system. Through this test, we found that both AIP compounds potently inhibited the kinases mentioned ( Fig. 4a-c) . When compared at the same doses, AIP-2 had a relatively stronger inhibitory effect than AIP-1 on these protein kinases in the cell-free system used. We next determined the inhibitory activities of AIP-1 and AIP-2 on the phosphorylation and expression of AKT and CAMK-1 at the cellular level. As shown in Fig. 4d , AIP-1 significantly inhibited, and AIP-2 only slightly inhibited, CAMK-1 expression in Huh7 cells. Similarly, AIP-1 effectively inhibited the phosphorylation of AKT in Huh7 cells at a dose of 10 μM, whereas both AIPs had no obvious inhibitory effect on AKT expression.
3.4 AIP-1 down-regulates survivin, activates autophagy and apoptosis, and promotes beta-spectrin degradation in Huh7 and 1MEA cells Accumulating evidence suggests that survivin promotes cell survival, inhibits cell apoptosis, and regulates cancer cell autophagy [14] . The above observations prompted us to evaluate the effects of both AIP compounds on survivin expression and its concomitant effects on apoptosis and autophagy, and on the expression of the cytoskeletal protein beta-spectrin in Huh7 and 1MEA cells. Compared to the untreated controls, AIP-1 and AIP-2 were found to significantly down-regulate survivin expression (top panel in Fig. 5a and b) , and to upregulate the expression of the autophagy-associated protein LC3-II (second panel in Fig. 5a and b) in both Huh7 (Fig. 5a ) and 1MEA (Fig. 5b ) cells in a dose-dependent manner. In contrast, the two AIPs had different effects on the expression of several apoptosis-associated proteins such as cleaved caspase 3, cleaved caspase 7, cleaved caspase 9 and cleaved PARP in both Huh7 (Fig. 5a ) and 1MEA ( cells. AIP-1 significantly up-regulated cleaved caspase 7, cleaved caspase 9 and cleaved PARP expression, whereas AIP-2 only slightly enhanced the expression of cleaved caspase 9 and cleaved PARP at a high dose (10 μM) in Huh7 cells (Fig. 5a ). AIP-1 increased cleaved caspase 3 and cleaved PARP expression in 1MEA cells, whereas no changes were observed in cleaved caspase 3, cleaved caspase 7 and cleaved PARP expression in 1MEA cells treated with AIP-2 (Fig. 5b) .
As major components of the cytoskeletal network associated with the plasma membrane of vertebrate cells, different spectrin isoforms serve as potential targets for both calpain and caspase actions during cell morphology changes and apoptosis. Previous studies have shown that β2 spectrin plays a crucial role in the pathogenesis of liver fibrosis and the development of hepatocellular carcinoma [15] [16] [17] . Based on this notion and our above observations, we next examined whether the two AIP compounds can induce spectrin breakdown product (BDP) formation in our tested cancer cell lines. By doing so, we found that treatment of Hu7 cells with AIP-1 (Fig. 5c,  lanes 2-4) dose-dependently promoted cleavage of β II spectrin into βII-BDP110 and βII-BDP85 fragments, whereas AIP-2 (lanes 5-7) was only able to induce βII-BDP85 fragments. To further assess a correlation between the occurrence of multiple βII-BDPs and the activity of calpains and caspases, Huh7 and 1MEA cells were treated with AIP-1 at a dose of 10 μM, with or without 30 min of pretreatment with either the calpain inhibitor SNJ1945, the caspase3 inhibitor BT-1103, or the caspase 3 activator EDTA. Compared to the untreated controls (Fig. 5d, lane 1) , 1MEA (upper panel) and Huh7 (lower panel) cells treated with AIP-1 showed increases in the levels of βII-BDP110 and βII-BDP85 (Fig. 5d, lane 2) . We also found that the production of βII-BDP85 strikingly paralleled the activity of caspase 3 (Fig. 5d, lanes 6-8) . Pretreatment with the calpain inhibitor SNJ1945 did not block βII-BDP85 formation in Huh7 and 1MEA cells (Fig. 5d, lanes 3-5) . However, the caspase inhibitor BT-1103 successfully blocked βII-BDP85 formation in both pretreated cells and down-regulated the βII-BDP110 levels in 1MEA cells (Fig. 5d, lanes 6-8) , whereas the caspase activator EDTA increased the levels of βII-BDP85 in both cell lines (Fig. 5d, lane 9) . No changes were observed on αII spectrin expression in the cells tested (data not shown). Taken together, these results suggest that caspases can mediate βII spectrin cleavage in Huh7 and 1MEA cells treated with AIP-1 at the doses indicated.
AIPs decrease tumor incidence and inhibit tumor growth in vivo
To next investigate whether AIPs can affect tumor growth in vivo, we employed an allograft model of 1MEA cells in immune-competent mice as reported previously [9] . Tumor allografts were palpable after~2 weeks in all mice injected with 5×10 6 1MEA cells, and 4 weeks after inoculation all nontreated mice developed visible and measurable tumors (Fig. 6a) . A 4 week treatment with AIP-2 alone or with a combination of AIP-1 + AIP-2 significantly reduced the number of tumor-bearing mice, i.e., 40 % of the mice treated with AIP-2 and 20 % of the mice treated with AIP-1 + AIP-2 did not show any signs of tumor formation. Treatment of the mice with sorafenib delayed tumor development (i.e., relatively small tumor sizes), but did not decrease the tumor incidence in 1MEA inoculated mice. In contrast, the combination treatment of AIP-1 + AIP-2 not only significantly inhibited tumor growth, but also slightly decreased the tumor incidence (Fig. 6 ).
Discussion
Treatment, and also chemo-preventive, options for hepatocellular carcinoma (HCC) patients are currently limited. The main problem with chemotherapy or chemoprevention of HCC is that most patients suffer from an underlying cirrhosis and that, as such, cytotoxic therapy can easily kill the few remaining normal functional hepatocytes [18] . Even with the current reference criterion treatment of sorafenib, which has modest survival advantages, all patients eventually progress due to either non-responsiveness, early resistance or intolerance [7] . Up to 90 % of the patients receiving this drug have been reported to develop dermatological symptoms [8] . This situation highlights the urgent need for the design of novel drugs and HCC treatment/prevention strategies. In the present study, we developed two novel fatty acid ether amides (AIPs) as experimental anti-cancer drugs for the treatment and prevention of liver cancer, and assessed their cytotoxicity in vitro in liver cancer-derived cell lines and normal human primary hepatocytes, and in an in vivo allograft model. Our results clearly indicate that the AIPs developed exhibit anti-proliferative and cytotoxic effects on human hepatocelluar carcinoma Huh7 cells and murine hepatoma 1MEA cells, but not on normal human primary hepatocytes.
Recently, cancer stem cells (CSCs) have attracted attention as novel therapeutic targets for liver cancer, and evidence is accumulating that CSC properties, such as selfrenewal and unlimited proliferation, are highly relevant to the development, recurrence and drug resistance of HCC [19, 20] . However, conventional anticancer therapies, including chemotherapy, radiation and immunotherapy, preferentially kill rapidly growing tumor cells, thereby reducing the tumor mass but, at the same time, leaving relatively slow growing cancer-initiating cells (CSCs) unaffected. This might ultimately result in relapse and the proliferation of therapy-resistant and more aggressive tumor cells. Thus, the development of a specific CSC-based therapy might be a strategy to overcome the high recurrence rate of HCC [11] . In this study, we have shown that AIP-1, even at a low concentration of 1 μM, can significantly inhibit Huh7 carcinospheroid formation under serum-free and anchorage-free culture conditions. This result suggests that the AIP compounds may have strong antirenewal abilities and may remove the 'seed' CSCs present in the Huh7 cell line.
The (de)regulation of specific protein kinases, and apoptosis and autophagy pathways, is known to play an important role in the initiation and progression of cancer, and the targeting of these pathways has emerged as an attractive approach for the treatment of various cancers [21] [22] [23] . Our kinase activity assays in cell-free and intact Huh7 cells have shown that both AIP-1 and AIP-2 can inhibit the activities of multiple kinases, including AKT, CAMK-1 and SPHK2, in a dose-dependent manner. The PI3K/AKT/mTOR pathway plays a critical role in the pathogenesis of HCC and the level of AKT is frequently up-regulated in various cancers to maintain tumor cell survival and growth [24, 25] . Based on these data, we hypothesized that the observed inhibition of HCC cell proliferation by the AIP compounds might be associated with a (de)regulation of the PI3K/AKT/mTOR pathway. Indeed, our results showed that AIP-1 and AIP-2 inhibited the activity and phosphorylation of AKT, but not that of total AKT protein expression. Taken together, these data suggest that the AIP compounds developed may inhibit cell proliferation by blocking multiple kinase activities in HCCs. Based on our above results, we further assessed putative mechanisms underlying the anti-proliferative and anti-renewal capacities of the AIP compounds observed, including survivin, and autophagy-and apoptosis-associated protein expression. Survivin is a member of the inhibitors-of-apoptosis protein (IAPs) family. At the clinical level, it has been shown that survivin expression is up-regulated in various human cancers, including liver cancer, and that its up-regulation is associated with tumor resistance to both chemotherapy and radiation therapy [26, 27] . In this study, we examined the effects of AIP compounds on survivin expression in Huh7 and 1MEA cells. By doing so we found, for the first time, that the AIP compounds could significantly down-regulate survivin expression in these cells in a dose-dependent manner. Because of the involvement of autophagy in many disease conditions, there is great interest in identifying drugs that can be used to manipulate autophagy for therapeutic purposes. The autophagy lysosomal pathway is one of the targets that is being explored in multiple cancers, including HCC, and may serve as a promising avenue for further therapeutic development [28] . Autophagic cell death, or type II programmed cell death, is distinct from type I programmed cell death (apoptosis), which is also implicated in cancer development [29] . In the present study, we harvested all cells, including floating cells, after a 24 h treatment with AIP compounds to assess autophagy by Western blotting. We found that the expression of the autophagy marker protein LC3-II was significantly increased in AIP compound-treated Huh7 and 1MEA cells as compared to untreated controls. No changes in LC3-I levels were observed following AIP treatment, as determined by Western blotting. This result suggests that a pool of LC3-II protein may be generated following AIP exposure, that is translocated to the outer membrane of the autophagosomes. Our results indicate that both AIP-1 and AIP-2 can induce autophagy in human and murine liver cancer cells. Caspases are essential in the initiation and progression of apoptosis [30] , and they account for the majority of cellular and morphological events that occur during cell death [31, 32] . Here, we show that AIP-1 and AIP-2 can induce apoptosis in Huh7 and 1MEA cells through activating caspases and other apoptosis-associated proteins. Specifically, we found that AIP-1 and AIP-2 can increase active caspase 7, caspase 9, and PARP levels in Huh7 cells, and active caspase 3, caspase 7, and PARP levels in 1MEA cells. Apoptosis and autophagy are two distinct forms of programmed cell death [30] that may be interconnected or even simultaneously induced by the same stimulus, resulting in different cellular outcomes [31, 32] . We found, for the first time, that the two AIP compounds can induce both apoptosis and autophagy in Huh7 and 1MEA cells. Cancer cells may evade apoptosis to support malignant growth, while traditional cancer therapies mainly focus on enhancing apoptosis [33] . Some reports have suggested that anti-cancer treatment inhibits the killing of tumor cells by inducing autophagy, whereas other reports have proposed that autophagy is a cell death mechanism that can function as a collaborator of apoptosis or as a back-up when apoptosis has become ineffective [34] . Taken together, our results suggest that the anti-proliferative effects of the AIP compounds are associated with autophagy and apoptosis induction in Huh7 and 1MEA cells. Further work is needed to unravel the exact relationship between these two cell-death pathways in the context of AIP compounds.
Spectrin is the major component of the cytoskeletal network, and calpain-mediated cleavage of spectrin has been observed during apoptosis in U937 cells [35] and in neurons [36, 37] . However, accumulating evidence indicates that αII spectrin cleavage in itself is not lethal to the cell [38] , and it has been suggested that when spectrin is cleaved by caspase 3 during apoptosis the advent of βII subunit cleavage may mark an irreversible transition in the cortical cytoskeleton that may contribute to impaired cell viability [39] . Calpains and caspases are cysteine proteases that are ubiquitously expressed in vertebrate cells. Degradation of proteins by these two proteases is associated with many cellular processes, including cell motility and apoptosis [40] . We observed that Huh7 and 1MEA cells treated with AIP compounds exhibited different βII spectrin breakdown product (BDP) formation profiles. Compared to untreated controls, AIP-1 and AIP-2 treatment dosedependently induced an increase in the level of βII-BDP85 fragment formation in Huh7 cells. We also found that the caspase 3 inhibitor BT1103, but not the caipain inhibitor SNJ1945, could block βII spectrin degradation. No αII spectrin cleavage was observed in the cells tested. Taken /mouse). After 1 week, mice were randomly divided into five groups and orally fed with AIP-1, AIP-2, AIP-1 + AIP-2 (25 mg/kg), Sorafenib (30 mg/kg) or 100 μl PBS (control group), respectively, once daily for 5 days weekly, by gavage for 4 weeks. After that, mice were sacrificed and the tumors were recovered and weighed. a Tumor incidence (percentage of tumor-bearing mice of total tumor cell-inoculated mice). b Weight of tumor tissue recovered from tumor-bearing mice. Data represent the mean ± SD from one of two similar experiments (*P<0.05 versus control without treatment) together, these results suggest that βII spectrin cleavage is mediated by caspases in Huh7 and 1MEA cells treated with AIP-1.
Finally, we evaluated the in vivo antitumor effects of AIPs on murine hepatoma 1MEA cells in an ectopic allograft model. Compared with sorafenib, AIP-2 alone and AIP-2 + AIP-1 were more effective in decreasing the tumor incidence in this model. In contrast, the AIP-1 + AIP-2 combination showed a tumor growth inhibition pattern similar to that of sorafenib in this adopted ectopic allograft model. Our in vivo data show that the combination therapy of AIP-1 + AIP-2 is not only more effective in decreasing the tumor incidence, but is also effective in significantly inhibiting tumor development when compared with sorafenib, which is currently considered as the reference criterion standard of systemic therapy for HCC patients.
In summary, our results show, for the first time, that AIP compounds possess antitumor activity in HCC cells. Importantly, the AIPs developed inhibited the growth of tumor cells but not that of normal hepatocytes. These findings suggest that AIP compounds may serve as potent oral drugs for HCC prevention and treatment.
